The alloying effects of chromium, molybdenum, tungsten, iron and cobalt on the hydrogen solubility of vanadium have been investigated systematically. The addition of iron or cobalt into vanadium decreases the hydrogen solubility more significantly than chromium, molybdenum and tungsten. Thus, the addition of iron or cobalt into vanadium improves the resistance to hydrogen embrittlement of the vanadium alloy itself effectively. It is also found that, in view of the new description of hydrogen permeation based on hydrogen chemical potential, these alloying elements enhance the hydrogen flux through the vanadium alloy. This is because the PCT factor, f PCT , increases by the addition of iron or cobalt. Thus, alloying these elements into vanadium improves not only the resistance to hydrogen embrittlement, but also the hydrogen permeation ability.
Introduction
The hydrogen permeable alloy membranes are important key materials for hydrogen separation and purification technologies to obtain ultra-high purity hydrogen gas. 15) For example, Pd-Ag or Pd-Cu alloy membranes are widely used practically for these purposes. 5) Recently, there has been a great demand for the development of new hydrogen permeable alloys instead of Pd-based alloys in order to reduce the material cost as well as to improve the hydrogen permeability.
611) Nb-based and V-based alloys are promising materials for hydrogen permeable membrane to be substituted for currently used Pd-based alloys. This is because they are less expensive and possess higher hydrogen permeability than currently used Pd-based alloys. 711) However, for such non Pd-based alloys, a brittle fracture occurs during the operation at high H 2 pressure gas atmosphere which impedes the practical use of these alloy membranes. 6, 12) Recently, the mechanical properties of niobium (Nb) and vanadium (V) membrane in hydrogen gas atmosphere have been investigated by the in-situ small punch (SP) test method. 13, 14) It is found that a ductile-to-brittle transition occurs drastically at the hydrogen concentration around 0.2³0.25 (H/M) for both Nb and V membranes. 13, 14) In order to prevent a brittle fracture of the membrane with group 5 metals such as Nb and V, the hydrogen concentration in the membrane must be controlled and kept below 0.2 (H/M), the ductile-to-brittle transition hydrogen concentration (DBTC), during the operation of hydrogen permeation.
From these results, Yukawa et al. have proposed a concept for alloy design of Nb-based and V-based hydrogen permeable membrane in order to satisfy both high hydrogen permeability and strong resistance to hydrogen embrittlement. 15, 16) On the other hand, the hydrogen permeability of metal membrane is generally discussed by hydrogen permeation coefficient, ), which is the product of the hydrogen diffusion coefficient, D, and the hydrogen solubility constant, K. However, for non Pd-based alloys such as vanadium and its alloys, the Sievelts' law is not applicable under ordinary hydrogen permeation conditions (i.e., temperature and H 2 pressures), indicating that the hydrogen permeation coefficient, ), is not a good measure to show the hydrogen permeation ability of them.
Recently, Suzuki et al. has proposed a new description of hydrogen permeation based on hydrogen chemical potential. 20) Following this description, the hydriding properties (i.e., pressure-composition-isotherms) are very important to understand the hydrogen permeability of metal membrane.
In this study, the alloying effects on the hydrogen solubility and permeability have been investigated for wide range of alloying elements. The correlation between the solubility and the hydrogen permeability has also been discussed.
Experimental Procedure

Sample preparation
Following the concept for alloy design proposed by Yukawa et al., 15, 16, 21) the alloying elements should be selected from two points of view. First, in order to reduce the hydrogen concentration, the alloying elements should have lower affinity for hydrogen than niobium or vanadium. Second, in order to make the alloy single phase with bcc crystal structure, the alloying elements should have wide solid solubility into niobium or vanadium. From these points of view, the candidates of alloying elements into vanadium are selected as chromium, molybdenum, tungsten, iron, cobalt, palladium, manganese, ruthenium, etc. In this study, chromium, molybdenum, tungsten, iron and cobalt are selected as alloying elements.
V-5 mol%Mo, V-4 mol%Cr, V-8 mol%Cr, V-5 mol%Fe and V-5 mol%Co alloys are melted by using a tri-arc furnace in a purified argon gas atmosphere. The purities of the raw materials used in this study are 99.9 mass% for vanadium (Taiyo Koko Co., Ltd.), 99.95 mass% for molybdenum, 99.99 mass% for iron, 99.96 mass% for cobalt (Rare Metallic Co., Ltd.) and 99.88 mass% for chromium (Tosoh Co., Ltd.). According to the V-Mo, V-Cr, V-Fe and V-Co equilibrium binary phase diagrams, all these alloys are composed of a single solid solution phase with simple bcc crystal structure. Table 1 shows the chemical composition of each alloy measured by the SEM-EDX analysis.
Pressure-composition-isotherms
The pressure-composition-isotherms (PCT curves) are measured for V-5 mol%Mo, V-4 mol%Cr, V-8 mol%Cr, V-5 mol%Fe and V-5 mol%Co alloys by using a Sieverts-type apparatus in order to investigate the hydrogen solubility. A small piece of the sample is set into the PCT apparatus and then evacuated. Subsequently, it is heated up to 773 K and then activated several times prior to the PCT measurements. The PCT curves are measured at 673³773 K up to about 2 MPa.
Hydrogen permeation test
Hydrogen permeation test is performed for V-5 mol%Fe alloy. The as-cast ingot is cut into disk with about º12 mm in diameter and 0.65 mm in thickness. Both sides of the disk samples are mechanically polished by alumina abrasive papers followed by the final polishing with 0.3 µm alumina powders. The final thickness, L, of the specimen is 0.486 mm. Subsequently, pure palladium of about 200 nm in thickness is deposited at 573 K on both sides of the sample surfaces by using an RF magnetron sputtering apparatus.
The hydrogen permeation test is performed at 773 K by the conventional gas permeation method.
8) The disk sample is set into the hydrogen permeation apparatus and then evacuated. Subsequently, it is heated up to the measuring temperature and high purity hydrogen gas is introduced to both sides of the disk sample. The H 2 pressure of the feed side is determined from the PCT curve for V-5 mol%Fe at 773 K so that the hydrogen concentration becomes 0.2 (H/M). The H 2 pressure of the permeation side is fixed to be 0.01 MPa in this study. The hydrogen flux, J, permeated through the disk sample is measured by monitoring the pressure change of the reserve tank with known volume. A detailed explanation of the permeation test is given elsewhere. Figure 1 shows the PCT curves for each V-based alloy investigated in this study at 673 K³773 K and for pure V at 673 K reported by Veleckis and Edwards. 22) In view of the resistance to the hydrogen embrittlement, the equilibrium hydrogen pressure at 0.2 (H/M) is important. Therefore, the equilibrium hydrogen pressure at 0.2 (H/M) for each alloy at each temperature is estimated by analyzing the PCT curves shown in Fig. 1 and reported in the literature for pure V 22) and V-5 mol%W. 18) In this study, the alloying effects are compared and discussed for the V-5 mol%X alloys. According to the SEM-EDX analysis, most of the alloys contain about 5 mol% of alloying element except for V-Cr alloy. Therefore, as mentioned below, the hydrogen solubility for V-5 mol%Cr is estimated from the results of V-4 mol%Cr and V-8 mol%Cr. Figure 2 shows the correlation between the equilibrium hydrogen pressure at 0.2 (H/M) and the mole fraction of chromium. As shown in Fig. 2 , there is a linear relationship at each temperature. The similar relationship between the equilibrium hydrogen pressure at 0.2 (H/M) and the mole fraction of alloying elements have been observed for Nb-W and Nb-Mo systems in the previous study. 23) Thus, from the result of Fig. 2 , the equilibrium hydrogen pressure at 0.2 (H/M) for V-5 mol%Cr at each temperature has been simply estimated as indicated by arrows in the figure. Figure 3 shows the comparison of the equilibrium hydrogen pressure at 0.2 (H/M) at 773 K for pure V, 22) V-5 mol%W, 18) V-5 mol%Mo, V-5 mol%Cr, V-5 mol%Fe and V-5 mol%Co. As shown in Fig. 3 , all the alloying elements into vanadium studied in this paper increase the equilibrium hydrogen pressure at 0.2 (H/M). It is noted that, the alloying effects of iron and cobalt into vanadium is much larger than that of chromium, molybdenum and tungsten. For example, the equilibrium hydrogen pressure at 0.2 (H/M) for V-5 mol%Fe and V-5 mol%Co alloy are about 0.8 MPa and 0.9 MPa, respectively, which is much higher than that for V-5 mol%W, V-5 mol%Mo and V-5 mol%Cr (about 0.3 MPa). It is even higher than V-5 mol%W-5 mol%Mo ternary alloy (about 0.6 MPa) reported by Yukawa et al. 19) As a result, the hydrogen concentration in both V-5 mol%Fe and V-5 mol%Co alloys is kept below the DBTC (i.e. 0.2 (H/M)) even applying 0.8 MPa of hydrogen pressure at 773 K. In contrast, pure V, V-5 mol%W, V-5 mol%Mo, V-5 mol%Cr and V-5 mol%W-5 mol%Mo alloys become brittle due to hydrogen embrittlement because the hydrogen concentration exceeds the boundary of the DBTC at this condition. In other words, the addition of iron or cobalt into vanadium considerably improves the resistance to hydrogen embrittlement. On the other hand, among the group 6 metals, chromium shows the largest alloying effect, and tungsten does the smallest. Figure 4 shows the correlation between the equilibrium hydrogen pressure at 0.2 (H/M) and the inverse of the temperature. There is a linear correlation for each alloy system. The relative order of hydrogen pressure for each alloy at each temperature is the same meaning that the alloying effects on the PCT curve do not change depending on the temperature. From these results, the equilibrium hydrogen pressure at 0.2 (H/M) can be estimated at any temperatures without measuring PCT curve. Thus, the linear relationships as shown in Fig. 2 and Fig. 4 are useful for alloy design and the determination of the hydrogen permeation condition. As shown in Fig. 3 and Fig. 4 , the degree of alloying effect into vanadium on the hydrogen solubility is in the order W < Mo < Cr ¹ Fe < Co, indicating that the transition metal on the upper right side of the periodic table tends to show larger alloying effect, although the reason still remains unclear and further investigations will be needed. The investigations of the alloying effects on the hydrogen solubility are important for hydrogen permeable metal membrane in order to improve the resistance to the hydrogen embrittlement in view of the DBTC. 13) 3.2 Correlation between the hydrogen permeability and the pressure-composition-isotherm In this section, the correlation between the hydriding property and the hydrogen permeability will be discussed 
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where R is the gas constant, T is absolute temperature, B is the mobility for hydrogen diffusion, L is the membrane thickness, c 1 and c 2 are the hydrogen concentrations at the feed and permeation sides, respectively, of the membrane, P is applied hydrogen pressure and P 0 is the standard hydrogen pressure. Here, it is important to note that the term "d ln(P/P 0 )/dc" reflects the gradient of the PCT curve, meaning that the hydrogen flux, J, is directly linked with the shape of the PCT curve of the material. The integral term in eq. (1) is redefined as the PCT factor, f PCT , which can be determined by analyzing the corresponding PCT curve of the alloy. The validity of eq. (1) has been confirmed by the hydrogen permeation tests with pure niobium and Nb-based alloy membranes. 20, 24) Suzuki et al. have also proposed the most practical way to obtain high hydrogen flux while avoiding the hydrogen embrittlement. 20) First, the PCT curve is controlled to shift toward the left and upper region so that higher hydrogen pressure, P 1 , can be applied at the feed side while keeping the hydrogen concentration below 0.2 (H/M). This means that the addition of alloying elements studied in this paper improves the resistance to hydrogen embrittlement, but more important point is that the magnitude of the term "d ln(P/P 0 )/dc" becomes large because the corresponding PCT curve become steep by alloying. Second, the hydrogen pressure at the permeation side, P 2 , is preferable to be as low as possible because the integral interval, c 2 ³c 1 increases and the region with the steep PCT curve can be also used effectively. Thus, the pressure and temperature condition to obtain high hydrogen flux can be applied to the alloy when the PCT curve is shifted largely to the left and upper region. Among the elements studied in this paper, iron is one of the promising alloying elements which shift the PCT curve largely to the left and upper region, as shown in Fig. 3 . The hydrogen permeation test for V-5 mol%Fe has been performed.
The steady-state hydrogen flux, J, is measured. It is divided by the inverse of the membrane thickness, 1/L, in order to estimate the normalized hydrogen flux, J · L. It is noted here that the atomic hydrogen flux, mol H m ¹1 s ¹1 , is evaluated in this study, which is twice as large as the gaseous hydrogen flux, mol H 2 m ¹1 s ¹1 . Figure 5 shows the normalized hydrogen flux, J · L at 773 K for V-5 mol%Fe, V-5 mol%W, 18) V-5 mol%W-5 mol%-Mo, 19) pure Pd 11) and Pd-25 mol%Ag. 25) The hydrogen pressure at feed side for V-5 mol%Fe, V-5 mol%W and V-5 mol%W-5 mol%Mo are determined by the equilibrium hydrogen pressure at 0.2 (H/M) by analyzing the corresponding PCT curves at 773 K and they are 0.80 MPa, 0.30 MPa and 0.60 MPa, respectively. The hydrogen pressure at permeation side is fixed to be 0.01 MPa. As mentioned before, V-5 mol%W or V-5 mol%W-5 mol%Mo has high hydrogen permeability. 18, 19) However, as shown in Fig. 5 , the normalized hydrogen flux, J · L for V-5 mol%Fe is much higher than that for V-5 mol%W or V-5 mol%W-5 mol%Mo. This is because the PCT curve is much shifted toward the left und upper region by the addition of 5 mol% of iron. As the result, the PCT factor, f PCT , becomes large and higher hydrogen flux can be obtained. In addition, J · L for V-5 mol%Fe is about 6 times higher than that for pure Pd and Pd-25 mol%Ag at the same pressure and temperature conditions estimated by the hydrogen permeation coefficient reported in the literature for pure Pd 11) and Pd-25 mol%Ag. 25) After the hydrogen permeation test, the system is evacuated. Then the gas leak test is performed using helium in order to check the existence of any cracks on the disk sample. It is confirmed that there is no evidence of crack on the sample due to hydrogen embrittlement. Thus, V-5 mol%Fe alloy membrane possesses high hydrogen permeability together with strong resistance to hydrogen embrittlement.
Thus, the new description of hydrogen permeation is useful for alloy design and the determination of the hydrogen permeation conditions to obtain high hydrogen flux while preventing the hydrogen embrittlement. It is also shown that the alloying effects on the PCT curve are important to investigate in view of not only the resistance to hydrogen embrittlement, but also the hydrogen permeability.
Summary
The alloying effects of chromium, molybdenum, tungsten, iron and cobalt into vanadium on the hydrogen solubility have been investigated systematically in order to improve further the resistance to hydrogen embrittlement. The addition of iron or cobalt into vanadium increases the equilibrium hydrogen pressure more significantly than chromium, molybdenum and tungsten. In other words, iron or cobalt is effective alloying elements to improve the resistance to hydrogen embrittlement of vanadium.
According to the new description of hydrogen permeation based on hydrogen chemical potential, the alloying elements which shift the PCT curve largely to the left and upper region should be selected in order to obtain high hydrogen flux through its alloy membrane.
In fact, the addition of iron shifts the PCT curve more significantly than tungsten or molybdenum, and V-5 mol%Fe alloy membrane shows higher hydrogen flux than V-5 mol%W or V-5 mol%Mo alloy membranes.
Thus, the new description of hydrogen permeation is useful for alloy design and the determination of the hydrogen permeation conditions to obtain high hydrogen flux while preventing the hydrogen embrittlement. Therefore, it is essential to investigate the alloying effects on hydriding property in view of not only the resistance to the hydrogen embrittlement, but also the hydrogen permeability. 
